Introduction {#tca13038-sec-0005}
============

Lung cancer, predominantly non‐small cell lung cancer (NSCLC), remains the leading cause of cancer‐related death worldwide.[1](#tca13038-bib-0001){ref-type="ref"} Although advances have been made in diagnosis and therapy in recent years, the prognosis of lung cancer patients remains unsatisfactory. To guide decisionmaking of therapeutic strategies for lung cancer patients and improve prognosis, a better understanding of the relevant factors affecting lung cancer prognosis is urgently needed.

Diabetes mellitus (DM) is a common disease worldwide.[2](#tca13038-bib-0002){ref-type="ref"} According to a 2014 World Health Organization (WHO) report, approximately 422 million individuals had DM, with the number expected to rise to 552 million by 2030.[3](#tca13038-bib-0003){ref-type="ref"} DM is a major cause of other diseases, including kidney failure, diabetes‐related heart diseases, lower limb amputation, and cancer.[4](#tca13038-bib-0004){ref-type="ref"}, [5](#tca13038-bib-0005){ref-type="ref"}, [6](#tca13038-bib-0006){ref-type="ref"} Increasing evidence has shown that DM could increase the risk of lung cancer, especially among female patients.[7](#tca13038-bib-0007){ref-type="ref"}, [8](#tca13038-bib-0008){ref-type="ref"}, [9](#tca13038-bib-0009){ref-type="ref"}

MicroRNAs (miRNAs) are an abundant class of small, non‐coding RNAs, approximately 19--25 nucleotides. They negatively regulate gene expression at the posttranscription level by interacting with the 3'untranslated regions (UTRs) of target messenger RNA (mRNA). Emerging evidence indicates that miRNAs are aberrantly expressed in various tumors, and play an important role in the progression of cancer, such as tumor proliferation, invasion, and metastasis.[10](#tca13038-bib-0010){ref-type="ref"}, [11](#tca13038-bib-0011){ref-type="ref"}, [12](#tca13038-bib-0012){ref-type="ref"}, [13](#tca13038-bib-0013){ref-type="ref"} MiR‐194 is downregulated in hepatocellular carcinoma [14](#tca13038-bib-0014){ref-type="ref"} and bladder,[15](#tca13038-bib-0015){ref-type="ref"} gastric,[16](#tca13038-bib-0016){ref-type="ref"}, [17](#tca13038-bib-0017){ref-type="ref"}, [18](#tca13038-bib-0018){ref-type="ref"} gallbladder,[19](#tca13038-bib-0019){ref-type="ref"} and lung cancers.[20](#tca13038-bib-0020){ref-type="ref"} The biological targets of miR‐194 have been partially identified, such as RAP2B, KDM5B, RBX1, FoxM1, FOXA1, and MAP4K4. However, little is known about the role of miR‐194 in HG‐induced lung cancer progression.

*NFAT5* is a member of the NFAT protein family, which has a DNA binding domain structurally similar to the Rel‐homology region of NF‐Kb.[21](#tca13038-bib-0021){ref-type="ref"} *NFAT5* plays important roles in embryonic development, cell differentiation, inflammatory processes, and cellular stress response in a tonicity‐independent manner in cells and tissues.[22](#tca13038-bib-0022){ref-type="ref"} Furthermore, accumulating evidence indicates that *NFAT5* is implicated in tumor progression, metastasis, and tumor cell proliferation;[23](#tca13038-bib-0023){ref-type="ref"} for example, *NFAT5* can promote renal carcinoma cell proliferation and invasion, and promote melanoma metastasis.[24](#tca13038-bib-0024){ref-type="ref"}, [25](#tca13038-bib-0025){ref-type="ref"}, [26](#tca13038-bib-0026){ref-type="ref"}, [27](#tca13038-bib-0027){ref-type="ref"}, [28](#tca13038-bib-0028){ref-type="ref"}

We investigated the influence of HG on lung cancer cell proliferation, migration, and invasion.

Methods {#tca13038-sec-0006}
=======

Samples {#tca13038-sec-0007}
-------

Fresh samples of NSCLC tissue were obtained from 50 patients at the Second Affiliated Hospital of Tianjin Medical University between May 2012 and December 2017. The samples were immediately snap frozen in liquid nitrogen and stored at −80°C until RNA extraction. The tumors were classified according to the WHO classification. The hospital ethical committee approved the study, and all patients provided written informed consent.

Cell culture {#tca13038-sec-0008}
------------

Human lung cancer cell lines A549 and H1299 were cultured in RPMI‐1640 medium (Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA), 100 IU/mL penicillin, and 100 IU/mL streptomycin in humidified 5% CO~2~ at 37°C. The medium was supplemented with 25 mM glucose (high glucose \[HG\]) or 5.5 mM glucose (low glucose \[LG\]).

Transfection {#tca13038-sec-0009}
------------

The cells were plated on an antibiotic‐free growth medium at 30--50% confluence approximately 24 hours before transfection. RNA oligonucleotides were transfected at a final concentration of 100 nM, using Lipofectamine 2000 (Invitrogen) according to the manufacturer\'s protocol. Further treatment proceeded 24 hours posttransfection.

Quantitative real‐time PCR {#tca13038-sec-0010}
--------------------------

Quantitative real time (qRT) PCR was performed to validate the mRNA expression level using SYBR Premix Ex TaqTM (TaKaRa, Tokyo, Japan). PCR was performed in triplicate and results were analyzed using the ABI Prism 7900HT Fast Real‐Time PCR system (Applied Biosystems, Foster City, CA, USA). The relative quantification values for each gene were calculated by the 2‐ΔΔCt method using glyceraldehyde 3‐phosphate dehydrogenase (GAPDH) as an internal reference. Primer sequences were as follows, *NFAT5*: forward 5′‐GAA GTG GAC ATT GAA GGC ACT‐3′, reverse 5′‐CTG GCT TCG ACA TCA GCA TT‐3′; GAPDH: forward 5′‐TGC ACC ACC AAC TGC TTA GC‐3′, reverse 5′‐GGC ATG CAC TGT GGT CAT GAG‐3′; miR‐194: forward 5′‐ATG GAC CTG GGG CCA GCG AAG ‐3′, reverse, 5′‐TCT GGC CTG GGA GCG TCG‐3′; and U6: forward 5′‐ CTC GCT TCG GCA GCA CA‐3′, reverse 5′‐ AAC GCT TCA CGA ATT TGC GT‐3′.

Cell viability assay {#tca13038-sec-0011}
--------------------

Cells transfected with miR‐194 or control miRNA mimics were harvested and plated in 96‐well plates at 2000 cells/well and incubated at 37°C. Cell viability was analyzed using Cell Counting Kit‐8 (CCK‐8, Beyotime Biotechnology, Shanghai, China) according to the manufacturer\'s protocol.

Cell proliferation assay {#tca13038-sec-0012}
------------------------

Cells transfected with miR‐194 or control miRNA mimics were harvested and plated in six‐well plates at 10000 cells/well. After incubation for 48 hours at 37°C, the cell proliferation ability was analyzed by cell counting.

Cell migration assay {#tca13038-sec-0013}
--------------------

The migration ability was determined using wound‐healing assay. Equivalent A549 and H1299 cells were plated into 12‐well plates without antibiotics. The cells were transfected with miR‐194 mimic (miR‐194) or mimic control (NC); 24 hours later, transfected cells were wounded with a sterile plastic 100 μL micropipette tip, the floating debris was washed with phosphate buffered saline, and the cells were then cultured in serum‐free medium. The width of the wound was measured at different time points. Three to four different locations were visualized and photographed under a phase‐contrast inverted microscope (Olympus, Tokyo, Japan).

Cell invasion assay {#tca13038-sec-0014}
-------------------

Transwell assay was used to examine cell invasion capability. Cells were transfected with miR‐ 194 mimic, mimic control, miR‐194 inhibitor, or inhibitor control (Ribobio, Guangzhou, China). Sixteen hours later the transfected cells were trypsinized and resuspended and 1.0 × 104 cells in 200 μL RPMI‐1640 medium were placed into the upper chambers (8 mm pore size; Millipore, Billerica, MA, USA). The lower chambers were filled with 600 μL complete medium with 10% FBS. After incubation for 12 hours at 37°C, the non‐invading cells were removed from the top of the chamber with a cotton swab. The invasion cells on the lower surface of the inserts were fixed and stained with 0.1% crystal violet, and five random fields for each insert were counted at 100× magnifications.

Western blotting {#tca13038-sec-0015}
----------------

Cells were transfected with either pCMV‐NFAT5 or pCMV empty vector. Total cell extracts prepared from cells using radioimmunoprecipitation assay buffer (Beyotime Biotechnology) were resolved on 10% gradient sodium dodecyl sulfate‐polyacrylamide gel and transferred NC membranes. Membranes were blocked for one hour in 5% skim milk in tris‐buffered saline plus tween 20 and incubated with primary antibody overnight at 4°C, followed by incubation with appropriate horseradish peroxidase‐conjugated secondary antibody at optimized concentration. The primary antibodies used in this study were: anti‐NFAT5 antibody (1:1000, Abcam, Cambridge, UK) and anti‐β‐actin antibody (1:5000, Cell Signaling Technology, Danvers, MA, USA). The densitometry of Western blot results was measured using Image J software.

Dual‐luciferase reporter assay {#tca13038-sec-0016}
------------------------------

Cells were seeded into 24‐well plates and co‐transfected with 200 ng of pMIR‐NFAT5 or pMIR‐NFAT5‐Mut vector and 100 ng of miR‐194 mimic or mimic control, and the pRL‐TK plasmid (Promega, Madison, WI, USA), which was used as internal normalization. After 48 hours, the cells were lysed using lysis buffer (Promega, Madison, WI, USA). Luciferase reporter gene assay was implemented using the Dual‐Luciferase Reporter Assay System (Promega) according to the manufacturer\'s instructions.

Statistical analysis {#tca13038-sec-0017}
--------------------

SPSS version 16.0 was used to complete data processing. Each experiment was repeated at least three times. Statistical significance was assessed by comparing mean values (± standard deviation) using a Student\'s *t*‐test for independent groups. The χ^2^ test was used to evaluate correlation between miR‐194 expression and clinical pathologic parameters. Results were considered statistically significant at *P* \< 0.05(\*).

Results {#tca13038-sec-0018}
=======

High‐glucose (HG) promotes non‐small cell lung cancer (NSCLC) cell proliferation, migration, and invasion {#tca13038-sec-0019}
---------------------------------------------------------------------------------------------------------

A549 and H1299 cells were cultured in 1640 medium with 5 mM LG or 25 mM HG for 48 hours. The cell proliferation ability was then tested by cell counting and CCK‐8 assays. The results showed that the proliferation ability of A549 and H1299 cells was increased in the HG group (Fig [1](#tca13038-fig-0001){ref-type="fig"}a,b). Wound healing assay was used to examine cell migration ability. The results showed that HG significantly promoted cell migration compared to LG (Fig [1](#tca13038-fig-0001){ref-type="fig"}c). We performed Transwell assay to investigate the effect of HG on cell invasion. As shown in Figure [1](#tca13038-fig-0001){ref-type="fig"}d,e, the invasion ability of A549 and H1299 cells was increased in the HG compared to the LG group. These results demonstrate that HG could accelerate the growth, proliferation, and migration ability of lung cancer cells.

![High glucose (HG)‐induced the proliferation, migration, and invasion of non‐small cell lung cancer (NSCLC) cells. A549 and H1299 cells were cultured in low glucose (LG, 5 mM) and HG (25 mM) medium, respectively. The cell proliferation ability was measured using (**a**) cell counting kit‐8 assays and (**b**) cell counting. (**c**) Cell migration ability was detected using wound‐healing assay. (**d**,**e**) The invasion ability of NSCLC cells was determined by Transwell assay. ![](TCA-10-1051-g006.jpg "image") LG, ![](TCA-10-1051-g007.jpg "image") HG. Data are reported as mean ± standard deviation of three independent experiments (\**P* \< 0.05, *t*‐test).](TCA-10-1051-g001){#tca13038-fig-0001}

MiRNA‐194 is down‐expressed in NSCLC cells and specimens in HG condition {#tca13038-sec-0020}
------------------------------------------------------------------------

A number of miRNAs are aberrantly expressed in DM patients. MiRNAs are involved in NSCLC proliferation and metastasis. Therefore, we analyzed the miRNA expression profile of A549 cells with HG and LG treatment by miRNA microarray analysis. A total of 20 miRNAs were downregulated in HG condition (Fig [2](#tca13038-fig-0002){ref-type="fig"}a). miR‐1255, miR‐518d, miR‐194‐1, and miR‐103a‐2 showed the lowest expression, while the role of miR‐194 in NSCLC with DM remains unknown. QRT‐PCR confirmed that miR‐194 expression was downregulated in lung cancer cell lines A549 and H1299 treated with HG culture medium (Fig [2](#tca13038-fig-0002){ref-type="fig"}b). Furthermore, we found that miR‐194 expression was significantly decreased in lung cancer tissues with DM compared to tissues without DM (*P* \< 0.001) (Fig [2](#tca13038-fig-0002){ref-type="fig"}c).

![miR‐194 is downregulated in lung cancer cells and NSCLC tissue specimens with DM treated with high glucose (HG). (**a**) MicroRNA chips showed that miR‐194 was downregulated in HG treated A549 cells compared to low glucose (LG) treated cells. (**b**) MiR‐194 was detected in LG or HG treated A549 and H1299 cells using quantitative real time‐PCR assay. Data are reported as mean ± standard deviation of three independent experiments (\**P* \< 0.05, *t*‐test). ![](TCA-10-1051-g008.jpg "image") LG, ![](TCA-10-1051-g009.jpg "image") HG. (**c**) Quantitative real‐time‐PCR analysis of miR‐194 expression in 50 cases of NSCLC tissues with or without DM (\*\**P* \< 0.001, Wilcoxon signed‐rank test). DM, diabetes mellitus.](TCA-10-1051-g002){#tca13038-fig-0002}

MiRNA‐194 inhibits proliferation, migration, and invasion of NSCLC cells {#tca13038-sec-0021}
------------------------------------------------------------------------

We then tested the functional significance of miR‐194 in NSCLC cells. A549 and H1299 cells were transfected with miR‐194 mimic (miR‐194) or mimic control (NC), and wound healing assay was used to examine the cell migration ability. The results showed that miR‐194 overexpression significantly inhibited cell migration compared to the control group (Fig [3](#tca13038-fig-0003){ref-type="fig"}a). Furthermore, we performed Transwell assay to investigate the effect of miR‐194 on cell invasion. As shown in Figure [3](#tca13038-fig-0003){ref-type="fig"}b,c, when transfected with miR‐194 mimics, the invasion ability of A549 and H1299 cells was decreased compared to the control group. However, the cells showed increased invasion upon treatment with the miR‐194 inhibitor. Additionally, we investigated the effect of miR‐194 on cell proliferation. As shown in Figure [3](#tca13038-fig-0003){ref-type="fig"}d,e, when transfected with miR‐194 mimics, the proliferation ability of A549 and H1299 cells was downregulated compared to the control group. These results strongly suggest that miR‐194 can suppress the proliferation, migration, and invasion of NSCLC cells.

![miR‐194 inhibits the proliferation, migration and invasion of non‐small cell lung cancer (NSCLC) cells. (**a**) Wound healing assay was used to detect the migration ability of A549 and H1299 cells. Cells were transfected with miR‐194 mimic or mimic control. ![](TCA-10-1051-g010.jpg "image") HG+NC, ![](TCA-10-1051-g011.jpg "image") HG+miR‐194. (**b**, **c**) Transwell assay was employed to examine the invasion ability of A549 and H1299 cells. The invasive cell number in each group was normalized to the control. Cells were transfected with miR‐194 mimic or mimic control, and miR‐194 inhibitor or inhibitor control. ![](TCA-10-1051-g012.jpg "image") A549, ![](TCA-10-1051-g013.jpg "image")H1299. (**d**,**e**) Cell counting kit‐8 and cell counting assay were used to examine the proliferation ability of A549 and H1299 cells. Cells were transfected with miR‐194 mimic or mimic control. ![](TCA-10-1051-g014.jpg "image") NC, ![](TCA-10-1051-g015.jpg "image") miR‐194. Data are reported as mean ± standard deviation of three independent experiments (\**P* \< 0.05, *t*‐test).](TCA-10-1051-g003){#tca13038-fig-0003}

MiR‐194 directly inhibits the expression of *NFAT5* through its 3'untranslated region {#tca13038-sec-0022}
-------------------------------------------------------------------------------------

To gain further insight into the molecular mechanism by which miR‐194 suppresses the migration and proliferation of lung cancer cells, we searched for genes targeted by miR‐194 using biological target prediction software, TargetScan. The gene *NFAT5* harbored a potential miR‐194 binding site within its 3'UTR (Fig [4](#tca13038-fig-0004){ref-type="fig"}a). To detect whether *NFAT5* is regulated by miR‐194, the wild type or mutant 3'UTR sequence of *NFAT5* was cloned into pMIR reporter vector, respectively (Fig [4](#tca13038-fig-0004){ref-type="fig"}b). The luciferase activity of the pMIR‐NFAT5‐3'UTR‐wt construct was significantly decreased upon miR‐194 overexpression in A549 and H1299 cells, whereas its mutant counterpart was not (Fig [4](#tca13038-fig-0004){ref-type="fig"}c). In addition, the messenger RNA (mRNA) and protein level of *NFAT5* in A549 and H1299 cells was dramatically reduced by miR‐194 (Fig [4](#tca13038-fig-0004){ref-type="fig"}d--f). These results indicate that *NFAT5* is a direct target of miR‐194 in lung cancer.

![MiR‐194 directly inhibits the expression of *NFAT5* through its 3'untranslated region (UTR). (**a**) The miR‐194 binding site predicted in the 3'UTR of *NFAT5* messenger RNA (mRNA). (**b**) Mutant was generated at the seed region of *NFAT5* 3'UTR, indicated by the underline. A 3'UTR fragment of *NFAT5* mRNA containing wild‐type or mutant of the miR‐194 binding sequence was cloned into the downstream of the luciferase gene in pMIR vector. (**c**) A549 cells were transfected with pMIR reporter vectors containing either wild‐type or mutant NFAT5 3'UTR (NFAT5‐3'UTR‐wt and NFAT5‐3'UTR‐mut) with either miR‐194 mimics (miR‐194) or miR‐194 mimic control (NC). Luciferase activity was determined 48 hours after transfection. (**d**) The expression level of *NFAT5* mRNA was examined by real‐time PCR. ![](TCA-10-1051-g016.jpg "image") NC, ![](TCA-10-1051-g017.jpg "image") miR‐194. (**e**) The *NFAT5* protein was examined by Western blot. (**f**) The relative gray values of each band (normalized to β‐actin). Protein bands from three independent Western blot assays were quantified using Quantity One software (Bio‐Rad, USA). ![](TCA-10-1051-g018.jpg "image") NC, ![](TCA-10-1051-g019.jpg "image") miR‐194. Data are reported as mean ± standard deviation of three independent experiments (\**P* \< 0.05, *t*‐test).](TCA-10-1051-g004){#tca13038-fig-0004}

*NFAT5* contributes to miR‐194 mediated proliferation, migration, and invasion of NSCLC cells {#tca13038-sec-0023}
---------------------------------------------------------------------------------------------

We examined the expression of *NFAT5* in lung cancer cells and NSCLC tissues in HG and LG groups. *NFAT5* was markedly upregulated in the HG compared to the LG group, both at mRNA and protein levels (Fig [5](#tca13038-fig-0005){ref-type="fig"}a,b). *NFAT5* expression was significantly increased in lung cancer tissues with DM compared to tissues without DM (*P* \< 0.05) (Fig [5](#tca13038-fig-0005){ref-type="fig"}c). Additionally, we investigated whether *NFAT5* contributed to the proliferation, migration, and invasion of NSCLC cells by miR‐194. The functional experiments showed that *NFAT5* overexpression could reverse the decreased proliferation, migration, and invasion ability induced by miR‐194 mimics in A549 cells (Fig [5](#tca13038-fig-0005){ref-type="fig"}d‐g). The protein level of *NFAT5* was determined by Western blot (Fig [5](#tca13038-fig-0005){ref-type="fig"}e).

![*NFAT5* contributes to miR‐194 mediated proliferation, migration, and invasion of non‐small cell lung cancer (NSCLC) cells. (**a**) *NFAT5* messenger RNA and (**b**) *NFAT5* protein expression were examined in A549 and H1299 cells under high glucose (HG) or low glucose (LG) treatment by real‐time PCR and Western blot, respectively. ![](TCA-10-1051-g020.jpg "image") LG, ![](TCA-10-1051-g021.jpg "image") HG. (**c**) Quantitative real‐time‐PCR analysis of *NFAT5* expression in 50 cases of NSCLC tissues with or without diabetes mellitus (DM) (\*\**P* \< 0.05, Wilcoxon signed‐rank test). (**d--g**). Wound healing, Transwell, CCK8, or cell counting assays were used to detect the proliferation, migration, or invasion ability of A549 cells with different treatments, respectively. Additionally, the protein levels of *NFAT5* were examined by Western blot. Data are reported as mean ± standard deviation of three independent experiments (\**P* \< 0.05, *t*‐test).](TCA-10-1051-g005){#tca13038-fig-0005}

Discussion {#tca13038-sec-0024}
==========

DM is linked to an increased risk of lung cancer. Several miRNAs are reported to be dysregulated in the serum of DM patients. Growing evidence indicates that miRNAs play a crucial role in tumorigenesis and tumor progression; therefore, it is important to identify the miRNAs involved in the progression of DM turn to cancer.

In this study, we confirmed that HG promoted the proliferation, migration, and invasion of NSCLC cells. We performed miRNA profiling of A549 cells treated with HG or LG to identify the miRNAs that might be involved in HG‐induced lung cancer. MiR‐194 was markedly decreased in NSCLC cell lines with HG culture. Furthermore, we found that miR‐194 was significantly decreased in lung cancer tissues with DM. Thus, we hypothesize that miR‐194 may be involved in HG‐induced lung cancer occurrence and progression.

In addition, we investigated the role of miR‐194 in NSCLC biological function. Our data showed that miR‐194 upregulation dramatically suppressed lung cancer cell proliferation, migration, and invasion ability. Therefore, we speculated that downregulation of miR‐194 could contribute to the advanced development of NSCLC. A single miRNA can modulate a signaling network by targeting genes with multiple functions. Several miR‐194 targets have been identified in different cell contexts and organs, for example, MAP4K4 is a target of miR‐194, which mediates an effect on cell proliferation in hepatocellular carcinoma.[18](#tca13038-bib-0018){ref-type="ref"} Zhang *et al.* indicated that miR‐194 could inhibit cell proliferation and invasion via repression of RAP2B in bladder cancer.[14](#tca13038-bib-0014){ref-type="ref"} MiR‐194 directly targets FoxM1[to inhibit epithelial--mesenchymal transition in gastric cancer cells.](https://www.ncbi.nlm.nih.gov/pubmed/24748184) [17](#tca13038-bib-0017){ref-type="ref"} Using luciferase reporter gene assays and Western blot, we found that *NFAT5* was a functional target of miR‐194.

*NFAT5* is a member of the NFAT protein family that has a DNA binding domain with structural similarity to the Rel‐homology region of NF‐Kb. *NFAT5* is overexpressed in several human cancers, including renal carcinoma, melanoma cancer, and NSCLC. In our study, *NFAT5* was frequently highly expressed in HG cultured NSCLC cells and was responsible for miR‐194‐modulated proliferation, migration, and invasion of NSCLC cells.

In summary, we investigated the role of miR‐194 in HG‐induced progression of NSCLC and found that miR‐194 was downregulated in lung cancer cells with HG condition and clinical tissues, and miR‐194 expression was associated with clinicopathologic characteristics in NSCLC. Moreover, we identified that *NFAT5* was one of direct target genes of miR‐194. Downregulation of miR‐194 by HG significantly enhanced cell proliferation, migration, and invasion in NSCLC cells by targeting *NFAT5*. Our data provide new insight into the mechanism responsible for HG‐induced progression of NSCLC. Targeting miR‐194 could be a promising therapeutic strategy in diabetic NSCLC.
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